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In this study, we constructed glucose enzyme sensors with increased thermal stability employing engineered 
PQQGDH-B. First, we demonstrated the enzyme glucose sensor employing an engineered PQQGDH-B, Ser231Lys. 
The residual activity after heat treatment at 60°C for 2 hours of the enzyme electrode employed Ser231Lys was 80% 
of the initial activity, whereas the electrode employed native PQQGDH-B was 30%. Second, we investigated the effect 
of cross-linking chemical modification on the thermal stability of PQQGDH-B. The cross-linked PQQGDH-B had high 
thermal stability and the half life time at 55^ was 63 min whereas that of native enzyme was 4 min. Furthermore, we 
demonstrated the Flow Injection Analysis (FIA) system for glucose measurement employed the cross-linked 
PQQGDH-B. The high operational stability of this system showed the very stable responses (SD was within 3%) for 
100 times of glucose injection. 
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1 Introduction 

Various glucose dehydrogenases (GDHs) were re- 
ported to possess pyrroloquinoline quinone (PQQ) as 
their prosthetic group. PQQGDHs have been given ex- 
tensive attention as enzyme sensor constituents, because 
of their property of being oxygen independent. 1 • 2 ' Al- 
though PQQGDHs have such superior properties, further 
improvement of the enzymatic properties is being re- 
quired, considering and comparing with those of the 
most popular and major enzyme utilized for glucose sen- 
sors, glucose oxidase, e.g. substrate specificity and opera- 
tional stability. Two types of PQQGDHs have been re- 
ported; the membrane binding single peptide PQQGDH 
(PQQGDH-A), and the water soluble dimeric PQQGDH 
(PQQGDH-B). Focusing on the high homology within 
PQQGDH-As, the authors have been attempting to iden- 
tify the protein region responsible for each enzymatic 
characteristic using extensive homology analyses to- 
gether with mutational analyses. 3 ~ " We also reported 
that by cross-linking chemical modification, PQQGDH-A 
thermal stability was significantly enhanced. 10 ' Since 
PQQGDH-B loses its activity by the dissociation of qua- 
ternary structure, cross-linking chemical modification of 
PQQGDH-B will also provide the stabilized enzyme. We 
previously reported on the construction of several engi- 
neered PQQGDH-Bs based on site directed mutagenesis 
by rational investigation of PCR mutant enzymes. We 
have reported the mutant enzymes with increased cata- 
lytic efficiency 1 " and also with increased thermal stabil- 
ity. 12 ' One of such mutants, Ser231Lys showed significant 



increase in the thermal stability, moreover, this enzyme 
retains almost similar catalytic activity as wild type en- 
zyme. Therefore, the application of Ser231Lys for glu- 
cose enzyme sensor will enable us to construct an en- 
zyme sensor with increased operational stability. 

Here we report two approaches in constructing glu- 
cose enzyme sensors with increased thermal stability em- 
ploying engineered PQQGDH-B. First, we demonstrate 
the enzyme glucose sensor employing an engineered 
PQQGDH-B, Ser231Lys, and show its extended thermal 
stability. Second we report the effect of cross-linking 
chemical modification on the thermal stability of 
PQQGDH-B. Utilizing cross-linked PQQGDH-B, we dem- 
onstrate the FIA system for glucose measurement. 

2 Experimental 

2. 1 Reagents 

Glucose was obtained from Kanto Chem (Tokyo, 
Japan), glutaraldehyde was from Kishida Chem (Tokyo, 
Japan), 1-methoxyphenazinemethosulphate (methoxy- 
PMS) and ferrocene were from Wako Pure Chemical In- 
dustries (Osaka, Japan), carbon paste was from BAS Co. 
(Indiana, USA). All other reagents were of analytical 
grade. 

2. 2 Enzyme preparation and cross-linking proce- 
dure 

For the expression of wild type and Ser231Lys, Es- 
cherichia coli PP2418 was used as the host strain. 13 ' Puri- 
fied PQQGDH-Bs was prepared from the cell free extract 
of the recombinant E. coli, as described previously. 12 ' 
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Holo-enzyme form of PQQGDH-Bs was obtained by incu- 
bation of 15 min at room temperature in 10 mM (M- 
mol dm-) MOPS buffer (pH 7.0) ^^^fSi 
mM CaClz and 1 uM PQQ. The cross-linked PQQGDH-B 
was prepared as follows. Glutaraldehyde solution (final 
concentration 0.1%) was added in wild type PQQGDH 
solution (enzyme concentration 30 mg ml" 1 ) and stirred 
for 30 min at room temperature. And then the sample 
was dialyzed in 10 mM Tris-HCl buffer (pH 7.0) for over- 
night at 4°C in order to remove excess gluteraldehyde 
and blocking active aldehyde groups by the amino base 
ofTris. 

2. 3 Investigation of thermal stabnity of cross- 
linked PQQGDH-B . 

The residual activity was measured after incubation ot 
each enzyme sample for 10 min at various temperature 
in 10 mM MOPS buffer (pH 7.0) solution containing 1 
mM CaCh and 1 uM PQQ. Residual activity at 30 C was 
determined and used as the control (100%). The enzyme 
activity was measured as described previously. 11 
2. 4 Fabrication of enzyme electrodes 
1) Enzyme electrode for batch type 

Enzyme electrode employing Ser231Lys or wild type 
enzyme or cross-linked PQQGDH-B for batch type sen- 
sor was constructed as follows. 25 unit of Ser231Lys or 
wild type enzyme or cross-linked PQQGDH-B (25 unit of 
native PQQGDH-B was cross-linked and utilized. 0.167 
mg of bovine serum albumin was added to this sample to 
be immobilized by glutaraldehyde at the electrode) solu- 
tion and 20 mg of carbon paste was mixed and lyopnu- 
ized The end of hole of carbon paste electrode (BAS co. 
Model No.11-2210, inner diameter 3 mm, and geometric 
surface area 0.28 cm 2 ) was filled with the enzyme^arbon 
paste mixture. The electrode was dipped in a 10 mM 
MOPS buffer (pH 7.0) solution containing 1% glutaralde- 
hyde and stirred for 30 min at room tfj^rature. Ater 
then, the electrode was dipped in 10 mM Tris-HCl buffer 
(dH 7 0) and stirred for 20 min at room temperature and 
equilibrated in 10 mM MOPS buffer (pH 7^).The en- 
zyme electrodes were stored in 10 mM MOPS buffer 
(pH 7.0) solution containing 1 mM CaClz and 1 uM fyy 
at 4°C until the usage. The operation of batch type sen- 
sors and cyclic voltammograms measurement were car- 
ried out using three electrode system (in water jacket 
cell- kept on 25°C). An enzyme electrode was used as the 
working electrode, a Pt wire electrode (0.5 mm diameter, 
Tanaka noble metal Co., Tokyo Japan) as the counter 
electrode and an Ag/AgCl electrode (BAS Co.) as the 
reference electrode. The reaction solution was 10 mM 
MOPS buffer (pH 7.0) solution containing 1 mM 
methoxy-PMS as an electron mediator, 1 mM CaClz and 
1 uM PQQ and the total volume was 10 ml. Cyclic volt- 
ammograms were swept between - 300 mV to + 300 mV 
vs Ag/AgCl with a scan rate of 20 mV sec" 1 by a func- 
tion generator HB-111 (Hokuto-Denko) . Working poten- 
tial of the steady-state measurement was +100 mV vs. 
Ag/AgCl controlled by a potentiostat, and the reaction 
solution was stirred. The current increase following by 
the injection of 100 ul of a sample solution containing 
glucose was measured. 



2) Enzyme electrode employing cross-Unked PQQGDH-B 

f °The A PQQGDH-B (25 unit of native PQQGDH-B was 
cross-linked and utilized. 0.167 mg of bovine serum albu- 
min was added) solution and 20 mg of carbon paste was 
mixed and lyophilized. 6.6 mg of ferrocene as mediator 
were mixed with the lyophilized mixture. The end ot 
holes of carbon paste electrode (dual type of carbon 
paste electrode for the flow cell from BAS Co., Model No. 
11-1004 inner diameter is 3 mm, and geometric surface 
area of one hole is 0.28 cm 2 ) was filled with the enzyme- 
ferrocene-carbon paste mixture. The electrode was 
dipped in a 10 mM MOPS buffer (pH 7.0) solution con- 
taining 1% glutaraldehyde and stirred for 30 mm at 
room temperature. After then, the electrode was dipped 
in 10 mM Tris-HCl buffer (pH 7.0) and stirred for 20 min 
at room temperature and equilibrated in 10 mM MOPS 
buffer (pH 7.0). The enzyme electrode was used as the 
working electrode, a stainless tube as the counter e ec- 
trode and an Ag/AgCl electrode as the reference elec- 
trode These three electrodes were mounted in a cross- 
flow cell (BAS Co., Model No.11-2456). The amperomet- 
ric flow cell was connected into a flow injection system 
(Auto sampler AS-8020 CTOHSO, Japan) with a 20 ul 
sample loop and a pump). The carrier solution was 10 
mM MOPS buffer (pH 7.0) with flow rate at 0.5 ml 1 mm 
The potential was controlled by a potentiostat HA-151 
(Hokuto-denko, Tokyo, Japan) and the working potential 
was + 200 mV vs. Ag/AgCl. The peak current following 
by the injection of 20 \A of a sample solution containing 
glucose was measured. 



3 Results 

3 1 Characterization of cross-linked PQQGDH-B 

'Fig 1 shows thermal stability of cross-linked 
PQQGDH-B. Cross-linked PQQGDH-B showed higher 
thermal stability than native PQQGDH-B. The significant 
differences were observed at the thermal inacuvation at 
temperatures higher than 50°C. Since the time course o 
initial thermal inactivation was descnbable as the first 
rate constant equation, we compared the half-lifes of 
cross-linked PQQGDH-B with that of wild type at 55 C. 
The half-life of cross-linked PQQGDH-B was 63 mm 
whereas native PQQGDH-B was 4 min These results 
suggested that the thermal stability of PQQGDH-B was 
significantly improved by the cross-linking chemical 
modification. Since PQQGDH-B is a homo-dimenc en- 
zyme and does not show enzyme activity as the mono- 
meric state, the cross-linking modification might result in 
intra-subunit cross-linking, prevent the dissociation of the 
homo-dimer, consequently increase the stab ility of jto 
quaternary structure. The specific activity for 100 mM 
glucose of cross-linked PQQGDH-B was ,299 U mg v» 
tein" 1 which was about 10% of native PQQGDH-B (2977 
U mg protein- 1 for 70 mM glucose). The retained spe- 
cific activity of cross-linked PQQGDH-B was however, 
higher or similar as that for commercially available glu- 
cose oxidase. 
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3. 2 Enzyme electrodes employing Ser231Lys and 
cross-linked PQQGDH-B 

Engineered PQQGDH-B, Ser231Lys was utilized for 
the glucose sensor. Cyclic voltammograms were carried 
out in 10 mM MOPS buffer (pH 7.0) solution containing 
1 mM methoxy-PMS, 1 uM PQQ and 1 mM CaCb at po- 
tential range from - 300 mV to + 300 mV vs. Ag/AgCl 
with a scan rate of 20 mV sec"' (Fig. 2a). The oxidation 
and reduction peaks of cyclic voltammogram were ap- 
peared at about 0 mV and - 250 mV vs. Ag/AgCl, re- 
spectively. After the addition of 4.95 mM glucose to the 
reaction cell, the anodic current increased due to the 
methoxy-PMS mediated bioelectrocatalytic oxidation of 
glucose (Fig. 2b). We chose +100 mV vs. Ag/AgCl as 
the working potential in the following measurement. 

The typical response curve of the glucose sensor im- 
mobilizing Ser231Lys was shown in Fig. 3a. The sensor 
reached its steady-state value within 10 sec. The re- 



sponse time was almost the same as that of the glucose 
sensor on which cross-linked PQQGDH-B was immobi- 
lized (data not shown). The difference in the steady-state 
current after the injection of glucose sample was used as 
current increase and was plotted against glucose concen- 
trations. The typical calibration curves of the glucose 
sensor utilized Ser231Lys and cross-linked PQQGDH-B 
were shown in Fig. 3b. These results show that the dy- 
namic ranges of both sensors for glucose were from 10 
uM to 3 mM. The difference of the sensor responces be- 
tween the two glucose sensors depended on the activity 
of the enzymes. 

Thermal stabilities of enzyme electrodes immobilizing 
Ser231Lys and cross-linked PQQGDH-B were investi- 
gated. After the heat treatment of enzyme electrode at 
60°C, a sensor response for 0.99 mM glucose was meas- 
ured at 25°C (Fig. 4). The electrodes employed Ser231 
Lys and cross-linked PQQGDH-B retained about 80% of 




Temperature of Heat treatment [°C] 

Fig. 1 Thermal stability of cross-linked PQQGDH-B. After 
heat treatment at various temperatures for 10 min, residual 
activity was measured (•: cross-linked PQQGDH-B and O: 
Wild type). Enzyme activity after heat treatment at 30"C for 
10 min was used as the contrail (100%). 
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Fig. 2 Cyclic voltammograms of the sensor employing Ser 
231Lys in 10 mM MOPS buffer (pH 7.0) solution containing 
1 mM methoxy-PMS , 1 uM PQQ, 1 mM CaCk a) in the ab- 
sence of glucose and b) in the presence of glucose. Scan rate 
20 rnVsec' 1 . 




Fig. 3 Response curve of the sensor employing Ser231Lys (a) and calibration curves of the sensor employing Ser231Lys(A) 
and cross-linked PQQGDH-B (•). (b) The measurement was carried out in 10 mM MOPS buffer (pH 7.0) solution containing 
1 mM methoxy-PMS, 1 uM PQQ and 1 mM CaCh. The operating potential: + 100 mV vs. Ag/AgCl, Temperature for measure- 
ment: 25°C. 
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initial activity after heat treatment at 60*0 for 2 hours, 
whereas the electrode employing wild type enzyme de- 
creased to 30%. The results show the enzyme electrode 
employed Ser 231 Lys and cross-linked PQQGDH-B re- 
tained high thermal stability. 

3. 3 Application of cross-linked PQQGDH-B for 
FIA glucose sensing system 

We constructed a Flow Injection Analysis (FIA) system 
with an electrode employing cross-linked PQQGDH-B. 
After 1 min of injection, the peak current appeared, and 
within 5 min (Fig. 5a), the base current recovered. The 
response obtained from this FIA system was lower than 
that obtained from batch type sensor. This might be 
mainly due to the difference in the electron mediator util- 
ized in the electrodes. In the batch type sensor, 
methoxy-PMS was utilized, and ferrocene was utilized in 
FIA system. The electron transfer between PQQGDH-B 
and ferrocene was not rapid as that with methoxy-PMS. 
However, the application of water insoluble ferrocene in 
carbon paste electrode enable us to construct an enzyme 



electrode system which does not require additional elec- 
tron mediator in a carrier solution for the construction of 
FIA system. The calibration curve of this system is 
shown in Fig. 5b. The dynamic range of this system was 
from 1 mM to 50 mM. 

The operational stability of FIA system was investi- 
gated by injecting 20 mM glucose every 10 min for 100 
times (1000 min), consecutively (Fig. 6). After 1000 min 
of operation, no decrease in the sensor response was ob- 
served. The SD was within 3% during this period of sen- 
sor operation. These results suggested that FIA system 
employing cross-linked PQQGDH-B was stable for more 
than 100 time consecutive measurements. The FIA sys- 
tem employing native PQQGDH-B was previously re- 
ported. 1 '" The half life time of the reported sensor system 
was 40 hours. Considering that native PQQGDH-B was 
not stable in a solution, the stable FIA system will not be 
achieved using native enzyme. Cross-linking modification 
of PQQGDH-B and its application for FIA system showed 
a novel potential of PQQGDH-B for not only in the field 
of FIA system, but also for the long term continuously 
operating system, such as for implanting sensor system. 



Fig. 4 Thermal stability of the sensor employing Ser231Lys 
and cross-linked PQQGDH-B. After heat treatment at 60 1, 
responses for 0.99 mM glucose were measured at 25°C (A. ; 
Ser231Lys , •: cross-linked PQQGDH-B, and O: Wild type). 
All other conditions were the same as for Fig. 3. 




Time [min] 



Fig. 6 Operational stability of the sensor employing cross- 
linked PQQGDH-B in a FIA system for the injections of 
20 mM glucose every 10 min. Measurement condition was 
the same as for Fig. 5. 
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Fig. 5 Response curve (a) and Calibration curve (b) of the sensor employing cross-linked PQQGDH-B. Carrier solution: 
10 mM MOPS buffer (pH 7.0). Flow rate: 0.5 ml min -1 , Injection volume: 20 ul, The operating potential: + 200 mV vs. Ag/AgCl, 
Temperature for measurement: room temperature. 
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4 Discussion 

This paper showed two different approaches in con- 
structing thermostable glucose enzyme sensor based on 
water soluble PQQGDH. We utilized a protein engi- 
neered PQQGDH-B, Ser231Lys and a cross-linked 
PQQGDH-B. Utilizing these engineered enzymes, glu- 
cose sensors with high operational stability can be con- 
structed, which will not be achieved by using wild type 
enzyme. These results suggested the further expansion 
of the utilization of PQQGDH-B. The use of stable 
PQQGDH-B may allow the designing in the enzyme sen- 
sor fabrication process regardless of the fragile proper- 
ties of native enzyme. Moreover, PQQGDH-B can be 
used not only for the disposable type sensor, but also as 
the component for the enzyme sensors, of which re- 
peated operations are expected, such as for FIA analyses 
and also for the implantable glucose sensors. Ser231Lys 
was constructed based on our rational site directed 
mutagenesis. Recently, the 3D structure of PQQGDH-B 
was elucidated. 15 ' On the basis of its 3D structure, Ser 
231 is revealed not to be involved in the amino acid resi- 
dues constructing dimer interface. Therefore, Ser231 
may have a significant role in structural stability of 8- 
propeller fold of each subunit, as we previously assumed 
as the role of Ser231 based on predicted topological 
structure. 12 ' On the other hand, the cross-linking chemi- 
cal modification of PQQGDH-B was aimed to stabilize 
the quaternary structure of PQQGDH-B. Since 
PQQGDH-B have 39 lysine residues, about 10% of whole 
residues, the cross-linking event by glutaraldehyde re- 
sulted in both intra subunit and inter subunit. Gel chro- 
matography analysis of cross-linked PQQGDH-B revealed 
that the major fraction showing PQQGDH activity was 
eluted at the MW about 100 kDa (results was not 
shown). This result indicated that under our experimen- 
tal condition, cross-linking modification mainly resulted 
in the inter subunit cross-linking. Therefore, the thermal 
stability of cross-linked PQQGDH-B was mainly due to 
the stabilization of quaternary structure. The cross- 
linking modification of enzymes and consequent stabiliza- 
tion of enzymes using glutaraldehyde has been reported 
by many researchers. This method is simple but most of 
the cases, decrease in the catalytic activity associated. 
The cross-linking modification of PQQGDH-B was also in 
the case. Thus constructed cross-linked PQQGDH-B 



showed similar or higher thermal stability than Ser231 
Lys enzyme. In spite of significant increase in the ther- 
mal stability, however, catalytic activity decreased to 10% 
of the native enzyme. These results indicated that cross- 
linking modification might be also occurred at the amino 
acid residues responsible for the catalytic activity. Con- 
sidering the principle of chemical modification by glu- 
taraldehyde, site directed modification is impossible, 
therefore, such a negative effect is inevitable. Further en- 
gineering approach in focusing in the stabilization of qua- 
ternary structure of PQQGDH-B is, therefore, being ex- 
pected. 
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